Abstract: Ar oute to generate cyclacenes by on-surface synthesis is explored. We started by synthesizing two tetraepoxycyclacenes by sequences of Diels-Alder cycloadditions. Subsequently,t hese molecules were deposited onto Cu(111) and scanning-tunneling-microscopy(STM)-based atom manipulation was employed to dissociate the oxygen atoms. Atomic force microscopy(AFM) with CO-functionalized tips enabled the detailed characterization of the reaction products and revealed that, at most, two oxygens per molecule could be removed. Importantly,our experimental results suggest that the generation of cyclacenes by the described route might be possible for larger epoxycyclacenes.
Carbon nanobelts (CNBs) are conjugated double-stranded macrocycles formed by the fusion of benzene rings comprising ac losed loop.
[1] Ford ecades,t he appealing curved structure of CNBs characterized by radially oriented porbitals has captivated chemists who have explored al arge diversity of strategies for their preparation. [2] Finally,in2017, Itami and co-workers succeeded in the first preparation and isolation of aCNB:a(6,6)-carbon nanotube (CNT) fragment formed by the angular fusion of 12 benzene rings. [3] This inspiring work renewed the long-standing interest in the synthesis of these polyarene belts. [4] Cyclacenes, [5] thecyclic analogues of acenes formed by the flank-fusion of benzene rings,a re particularly interesting CNBs and were first hypothesized in 1954 ( Figure 1a ). [6] Considered as the narrowest zig-zag CNTs,c yclacenes are expected to be highly reactive,n ot only due to the inherent strain of CNBs,b ut also based on their predicted open-shell character.I nf act, theoretical calculations have suggested unusual electronic and magnetic properties for these curved aromatic molecules,w hich could be employed to develop novel organic materials. [7] Although several groups have described elegant strategies to attempt the preparation of cyclacenes by solution chemistry,t his challenging goal remains elusive.I naseminal work, Stoddart and co-workers used asequence of successive Diels-Alder reactions to build hexaepoxyoctacosahydro[12lcyclacene (1,F igure 1b). [2a-c] Unfortunately,a ttempts to aromatize 1 by deoxygenation/ dehydration protocols did not yield the elusive [12] cyclacene but apartially hydrogenated derivative. [2b] Recently,some of us have developed asynthetic methodology based on aryne cycloadditions for the preparation of epoxyacenes,w hich were used as precursors for the onsurface generation of large acenes. [8] In particular, through successive Diels-Alder reactions between arynes and furan derivatives,weprepared tetraepoxydecacenes,which yielded decacene by on-surface deoxygenation. [9] Inspired by the Figure 1 . a) Structure of [8] and [10] synthesis of 1,wespeculated about the possibility of using our aryne methodology to obtain epoxycyclacenes,w hich could lead to cyclacenes by deoxygenation. Herein, we describe the synthesis of tetraepoxycyclacenes 2 and 3 ( Figure 1c )a nd their on-surface characterization by atomic force microscopy (AFM) and scanning tunneling microscopy (STM). Furthermore,w ee xplore the on-surface generation of [8] -and [10] cyclacene from 2 and 3,r espectively.A lthough these cyclacenes were not detected on-surface,w ef ound that partial deoxygenation is possible by atom manipulation, indicating that for larger ring sizes,t his approach, which combines solution and surface synthesis,might be feasible.
Te traepoxycyclacenes 2 and 3 are shape-persistent macrocycles with D 4h and D 2h symmetry,r espectively.S cheme 1a shows the retrosynthetic analysis we followed to build both molecules.B ased on the high symmetry of square-shaped tetraepoxy [8] cyclacene 2,w ee nvisioned that it could be synthesized in one step by ac ascade of four Diels-Alder cycloadditions involving as ingle bifunctional AB-type monomer,astrategy previously employed by Schlüter and coworkers to prepare CNB precursors.
[2g] In particular,w e speculated about the possible cyclotetramerization of the highly reactive 5,6-didehydroisobenzofuran (4), which contains both ad iene (furan) and ad ienophile (aryne) in the same molecule (Scheme 1a). [10] In contrast, for the synthesis of rectangularly-shaped compound, 3 we decided to use two different monomers,abisdiene and abisdienophile,similarly to the strategies used by the groups of Stoddart [2a] and Cory.
[2d-e] In this case,weenvisioned at wo-step synthesis via the double Diels-Alder reaction of bisaryne 5 with benzodifuran equivalent 6.I ng eneral, tetraepoxy [10] cyclacene 3 could be built by the reaction of two molecules of bisfuranoid 6 with two molecules of bisnaphthalyne 7 by as equence of four Diels-Alder cycloadditions.
We first explored the generation and cyclotetramerization of 5,6-didehydroisobenzofuran (4)t oo btain macrocycle 2 in one pot. With this idea in mind, we treated triflate 8 with 3,6-di-2-pyridyl-1,2,4,5-tetrazine (9)toinduce aformal acetylene extrusion and generate the highly reactive isobenzofuran 10 (Scheme 1b). Then, under high-dilution conditions,C sF was added to form 4,w hich underwent cyclotetramerization to afford tetraepoxy [8] cyclacene 2 as awhite solid in 5% yield. Mass spectrometry of the reaction mixture suggested that no other macrocyclization product was formed in the reaction. [11] With the idea of approaching larger CNBs,wedecided to prepare tetraepoxy [10] cyclacene 3.F irst, diepoxyanthracene 11 was reacted with tetrazine 9,generating the corresponding bisfuranoid 6 which reacted in situ with two equivalents of bistriflate 12 in the presence of CsF (Scheme 1c). This reaction generated the bistriflates 13 as am ixture of four isomers (that is,regioisomers a and b and diastereomers anti and syn)in43% yield. It should be mentioned that only syn-13 a, b,p recursors of bisaryne 5,c ould afford compound 3 (Scheme 1a). Therefore,a fter separation of syn-13 a, b from the reaction mixture,its treatment with intermediate 6 in the presence of CsF lead to the formation of tetraepoxy- [10] cyclacene 3 as ay ellow solid in 15 %yield.
To confirm the structure of both epoxycyclacenes 2 and 3, we performed X-ray diffraction analysis.Slow evaporation of aC H 2 Cl 2 solution of 2 yielded colourless needles,while slow diffusion of CH 3 CN into aC HCl 3 solution of compound 3 produced pale yellow crystals,w hich were suitable for X-ray diffraction analysis (Figure 2 ). Thel arger inner cavity of macrocycle 3,incomparison with 2,allows hosting the methyl group of aCH 3 CN molecule inside its cavity,s uggesting that these compounds may be useful to encapsulate small molecules.
Next, we aimed for the on-surface deoxygenation of compounds 2 and 3 in an attempt to generate the corresponding cyclacenes,a na pproach that had been successful for the creation of several long planar acenes. [8, 9] We employed STM and AFM with CO-functionalized tips [12] for the characterization of 2 and 3 on the surface and for the analysis of their reaction products (for details on the scanning probe measure- ments,s ee the Methods section in the Supporting Information). [13, 14] Figure 3a shows an STM image of as ingle molecule of 2 after deposition of asub-monolayer coverage onto aCu(111) substrate held at 10 K. Corresponding AFM images acquired with aC O-functionalized tip are shown in Figure 3b ,c.T hey reveal ac entral ring and two additional protrusions at opposing sides of the ring.W ea ttribute the former to one of the four benzene units of 2 and the latter to two oxygens. This indicates that the molecule adsorbs with one aromatic ring parallel to the surface and the ring on the opposite side is imaged by the AFM. We attempted the deoxygenation of compound 2 using voltage pulses from the tip.H owever,t he identification of the reaction product is difficult in this upstanding conformation because only asmall fraction of the molecule can be resolved in AFM (for an example,s ee Figure S1 in the Supporting Information). Ther eaction products could be better characterized in an adsorption position where al arger fraction of the molecule can be imaged, which was achieved by thermal annealing. Figure 3d is an STM image of aself-assembled island of 2 after annealing the sample to 370 K, and the corresponding AFM images are depicted in Figure 3e ,f.Now,the molecules appear four-fold symmetric and they are packed in as quare lattice (Figure 3i) . Figure 3ghighlights the details of the AFM contrast corresponding to the individual molecules.T hey are imaged as asquare with four bright protrusions located at its sides and four darker protrusions at its corners.Line profiles along the two kinds of protrusions are depicted in Figure 3h . Thed istance between two brighter protrusions is approx. 5.9 and shows good agreement with the distance between the hydrogen atoms connected to opposite aromatic rings in the density-functional-theory(DFT)-optimized structure of 2 of 5.66 .This value is also in good agreement with the size of the molecular cavity obtained from the X-ray diffraction measurements of 5.74 (Figure 2a) . Similarly,t he distance between two darker protrusions of approximately 8.4 is in good agreement with the theoretical distance of 8.48 between the hydrogen atoms connected to opposite epoxy groups.T hus,w ithin the self-assembled islands, 2 adsorbs in al ying conformation with the planes of the aromatic rings perpendicular to the surface.T he brightness of the hydrogen atoms in the AFM images is directly related to the hybridization state of the connecting carbon atoms:T he four hydrogen atoms connected to the sp 2 -hybridized carbon atoms of the benzene units are closer to the tip because they point nearly straight up with respect to the surface plane, while the hydrogen atoms connected to the sp 3 -hybridized carbon atoms of the epoxy groups are slightly tilted away from the molecular cavity.
Thec onversion from upstanding single molecules after low-temperature deposition to lying molecules within the selfassembled islands after annealing is most likely driven by intermolecular van-der-Waals (vdW) or p-p interactions. [15, 16] After low-temperature deposition, molecule-surface interactions dominate and favor an adsorption position with one of the benzene units parallel to the Cu(111) surface.U pon supplying thermal energy,m olecule-molecule interactions become important and the molecules maximize intermolecular vdW/p-p interactions by assembling in aw ay such that benzene units of neighboring molecules face each other.
We observed as imilar change in the adsorption for 3,a s depicted in Figure 4 . Upon low-temperature deposition of 3 onto Cu(111), we find molecules in two different adsorption geometries,w hose main difference in STM images is their different apparent height at low voltages (Figure 4a ). The AFM measurements (Figure 4b ,c)r eveal that the molecule with the higher feature is adsorbed with ab enzene unit parallel to the Cu(111) surface,w hile the other is adsorbed with the naphthalene unit parallel to the surface. Figure 4d ,e shows STM and AFM images,respectively,of the molecular islands that are formed after annealing the sample to 420 K. In the AFM image,t he upward-pointing hydrogen atoms give rise to six prominent protrusions and the rectangular cavity of the molecules can be observed. The proposed self-assembled structure is shown in Figure 4f and consists of molecules arranged in ar ectangular lattice.
Thel ying adsorption geometry allows for an easier evaluation of whether tip-induced deoxygenation was successful, as demonstrated in the following. Figure 5a shows an AFM image of as elf-assembled island of 3 after the lower part of the area was imaged by STM at V = 3V .T he contrast of most of the molecules has changed, and two examples of such molecules are marked by ar ed and ab lue square. Zoomed-in AFM images of each molecule are shown in Figure 5b ,c.For comparison, apristine molecule is marked by ayellow square in Figure 5a ,showing the same contrast as the molecules in Figure 4e .Each deoxygenation step changes the shape and symmetry of the molecular cavity.Furthermore,it alters the hybridization state of the carbon atoms of the corresponding epoxy group from sp 3 to sp 2 .T hat, in turn, increases the height of the associated protruding hydrogen atom and thus its brightness in the AFM images,asdiscussed above.W ecan utilize this knowledge to assign the number of remaining oxygens for the molecules shown in Figure 5b ,c. Them olecule in the AFM image in Figure 5b is D-shaped, and the dark hydrogens at the corners suggest that they are connected to sp 3 -hybridized carbon atoms of the epoxy group. This leads to the structure 3.2Ob (Figure 5b )w ith two neighboring epoxy groups being deoxygenated and the other two still intact. This structure presents ahighly strained bent hexacene moiety,s uggesting that the on-surface approach to cyclacenes is feasible.S imilarly,t he molecule in Figure 5c also has two dark hydrogens left, indicating sp 3 -hybridized carbon atoms below them. However,here they are located on opposite sides,giving the molecular cavity an oval shape.T he corresponding molecular structure (3.2Oa)h as two opposite epoxy groups deoxygenated, but the remaining two are still intact. We find alarger fraction of 3.2Oa than of 3.2Ob,inagreement with DFT calculations (for statistics and DFT results,s ee Figure S3 and Figure S4 in the Supporting Information).
We were not able to identify any molecules with less than two oxygen atoms,d espite further manipulation attempts at voltages ranging from 2.5 to 3.4 Vand currents of up to 30 pA (at 3.4 V). Manipulation attempts at increasingly harsher current and voltage parameters usually lead to molecular degradation, up to the point where the structure could not be identified anymore.W edid not find asignificant difference in the manipulation outcome between scanning the molecular island at large bias or applying single voltage pulses with the tip position fixed above one molecule.T he latter approach also resulted in other molecules in the surrounding area being deoxygenated or altered otherwise.T his indicates that the deoxygenation mechanism is not very local, but could be mediated by surface-state electrons. [17, 18] Otherwise,t he Cu-(111) surface probably plays as maller role compared to the on-surface deoxygenation of linear epoxyacenes. [8] All oxygen atoms are elevated from the Cu surface in the lying adsorption conformation. Nevertheless,t he adsorption might lower the energy barrier for the deoxygenation reaction for all oxygen atoms,f or example by partial charge transfer between molecule and surface or through interactions via the hydrogen atoms.Wehave carried out analogous manipulation experiments for tetraepoxy [8] cyclacene 2 and the results are very similar. Briefly,also for 2,wewere only able to dissociate two oxygens at most, generating the oval-shaped diepoxy- [8] cyclacene (for examples,s ee Figure S2 in the Supporting Information).
To understand the experimental observations,w ee stimated the energy balance associated with each deoxygenation reaction by DFT calculations (for details on the calculations and the full results,see the Methods section and Figure S4 in the Supporting Information). According to these calculations, the energy cost for the first deoxygenation of 2 and 3 (3.185 eV and 3.234 eV,r espectively) is moderate compared to the deoxygenation of the oval-shaped diepoxy [8] cyclacene and diepoxy [10] cyclacene (4.176 eV and 4.032 eV,r espectively). This provides an explanation why we were not able to further deoxygenate the diepoxycyclacenes in ac ontrolled fashion. Because the energy for the third deoxygenation decreases from 2 to 3,w ea lso calculated the corresponding value for diepoxy [12] cyclacene,w hich led to 3.830 eV (see Figure S4 in the Supporting Information). These values can be intuitively understood by considering how the curvature of the macrocycle and thus its internal strain changes.N otably, these calculations suggest that further deoxygenation might be possible for larger diepoxycyclacenes.
In summary,w es ynthesized tetraepoxycyclacenes with 8 and 10 units in an extremely simple manner and succeeded in their partial deoxygenation by STM/AFM-based atom manipulation. Work is in progress to attempt our on-surface synthesis route for larger derivatives,w hich may allow for the dissociation of all oxygens,thereby generating the thus far elusive cyclacenes.B earing in mind the unusual electronic and magnetic properties predicted for these curved aromatic molecules,o ur approach could pave the way to the development of anew class of organic materials.
